The flagellum is a sophisticated nanomachine and an important virulence factor of many pathogenic bacteria. Flagellar motility enables directed movements towards host cells in a chemotactic process, and near-surface swimming on cell surfaces is crucial for selection of permissive entry sites. The long external flagellar filament is made of tens of thousands subunits of a single protein, flagellin, and many Salmonella serovars alternate expression of antigenically distinct flagellin proteins, FliC and FljB. However, the role of the different flagellin variants during gut colonisation and host cell invasion remains elusive. Here, we demonstrate that flagella made of different flagellin variants display structural differences and affect Salmonella's swimming behaviour on host cell surfaces. We observed a distinct advantage of bacteria expressing FliC-flagella to identify target sites on host cell surfaces and to invade epithelial cells. FliC-expressing bacteria outcompeted FljB-expressing bacteria for intestinal tissue colonisation in the gastroenteritis and typhoid murine infection models. Intracellular survival and responses of the host immune system were not altered. We conclude that structural properties of flagella modulate the swimming behaviour on host cell surfaces, which facilitates the search for invasion sites and might constitute a general mechanism for productive host cell invasion of flagellated bacteria.
or SopB, are translocated via the injectisome needle into the host cell, leading to actin rearrangements and effective uptake of the bacterium in a process called invasion.
The rotating rigid, helical flagellum is a motility organelle used by many bacterial pathogens for targeted movement towards the infection site in a chemotactic process and for efficient colonisation of the host (Adler & Templeton, 1967; Duan, Zhou, Zhu, & Zhu, 2013; Stecher et al., 2004; Stecher et al., 2008) . Flagellar motility enables the bacteria to scan the host cell surface and thus select permissive target sites for a productive and cooperative invasion of membrane ruffles in an injectisome-dependent manner (Misselwitz et al., 2012) .
The flagellum consists out of three main structures: the basal body, a flexible hook, and the filament ( Figure S1 ; Berg, 2003) . The flagellar filament is 10-15 μm long and built of up to 20,000 subunits of a single protein, flagellin. In Salmonella enterica, two antigenically distinct flagellins are alternately expressed, FliC and FljB, in a process termed flagellar phase variation ( Figure 1a ). Flagellar phase variation is controlled by the inversion of a 996 BP DNA fragment, the H segment that contains the σ 28 -dependent promoter of the fljB gene (Silverman, Zieg, & Simon, 1979; Zieg, Silverman, Hilmen, & Simon, 1977; Zieg & Simon, 1980) . In the fljB ON position, the promoter is located upstream of the fljBA operon, resulting in transcription of fljB, which encodes for the FljB flagellin, and fljA (Fujita, Yamaguchi, Taira, Hirano, & Iino, 1987; Silverman et al., 1979) . FljA posttranscriptionally inhibits fliC translation by interacting with fliC mRNA (Aldridge et al., 2006; Bonifield & Hughes, 2003) . In the fliC ON position, the fljBA operon is not expressed, leading to derepression of fliC mRNA translation. Inversion of the H-segment occurs between two 26 BP inverted repetitious sequences, hixL and hixR, by site-specific recombination (Johnson & Simon, 1985) . This recombination is mediated by the DNA invertase
Hin that is encoded on a gene located within the H-segment (Kutsukake & Iino, 1980; Silverman & Simon, 1980) . The structure of the flagellin FliC of Salmonella has been determined. The hairpin-like structure of the flagellin monomer is organised into four connected domains, D0, D1, D2, and D3 (Yonekura, Maki-Yonekura, & Namba, 2003) . The N-and C-termini, which form the D0 and D1 domains of Proteins were precipitated from the culture supernatant using 10% TCA. Secreted flagellin variants were detected using anti-FliC and anti-FljB antibodies (top) or by Coomassie staining (bottom). Streptomycin pretreated (c) and nontreated (d) C57BL/6 mice were infected with 10 7 and 10 8 CFU per bacterial strain, respectively. Each strain harbors a different antibiotic resistant cassette. Organs were isolated 6 h (n = 5), 24 h (n = 5), or 48 h (n = 15) post infection and washed. All samples were homogenised and plated on appropriate antibiotic resistance plates. CFU per g organ and competitive indices (CI) were calculated. Replicates for CI are shown as individual data points. Bars represent the median. Asterisks indicate a significantly different phenotype to the value 1 (* = P < .05). CFU per g data points were statistically analysed by the Student's t test (* = P < .05)
FliC and FljB, are highly conserved and rich in hydrophobic residues (Beatson, Minamino, & Pallen, 2006; Yonekura et al., 2003) . This enables the formation of a coiled-coil structure, which is required for flagellin polymerisation. In contrast, the central part of the flagellin peptide sequence, which forms the D2 and D3 domains, is highly variable between FliC and FljB.
During the infection process, monomeric flagellin is recognised by the innate immune system in plants and animals (Felix, Duran, Volko, & Boller, 1999; Lemaitre, Reichhart, & Hoffmann, 1997) . The D1 domain of extracellular monomeric flagellin is sensed by Toll-like receptor 5 (TLR5), whereas the D0 domain of intracellular flagellin is recognised by the NOD like protein NLRC4 (Zhao & Shao, 2015) .
Through formation of the inflammasome, a proinflammatory multiprotein complex, caspase-1 is activated and IL-1β and IL-18 are secreted, resulting in inflammatory cell death (Mariathasan & Monack, 2007) . It was reported that FljB-expressing bacteria are attenuated following oral and intravenous infection in comparison to a FliC-locked strain (Ikeda et al., 2001 We generated mutants that are locked in either FliC-or FljBexpression by deleting the recombinase-encoding gene hin, which did not affect growth in individual or cocultures (Figures 1b and S2 ).
We first assessed the contribution of the flagellin phase for efficient colonisation of the intestine in the murine gastroenteritis model after oral infection with FliC-or FljB-expressing phase variation mutants.
Streptomycin pretreated mice were coinfected with a 1:1 mixture of both fliC ON and fljB ON strains, and the bacterial burden in intestinal tissue was analysed 6, 24, and 48 h postinfection. In the competitive infection, the FliC-expressing strain significantly outcompeted the FljB-expressing strain twofold to sevenfold in tissue colonisation of the small intestine, cecum, colon, and mesenteric lymph nodes It remained possible that a differential immune response was mounted towards the flagellar phase variants, which might explain the reduced virulence of the FljB-expressing mutant in vivo. We therefore examined cell death of bone marrow-derived macrophages after infection with the flagellin variants for 6 h p.i. As described previously (Ikeda et al., 2001) , macrophage cell death and bacterial survival were dependent on the presence of flagellin, but we did not observe differences between infection with FliC or FljB-expressing bacteria ( Figure S4a,b) . As mentioned above, monomeric, extracellular flagellin is recognised by TLR5 through an interaction with the D1 domain.
To exclude alterations in TLR5 signalling, we tested effects of the two flagellar proteins, FliC and FljB, on TLR5 activation and found that recombinant FliC and FljB expressing D1-D3 domains had comparable effect on TLR5 recognition ( Figure S4c ). However, deletion of the D1 domain in FliC or FljB prevented TLR5 stimulation, which confirmed that the D1-domain is essential for TLR5 activation (Smith et al., 2003; Raphael Simon & Samuel, 2007) and demonstrated that the exposed residues at the surface of the flagellar monomer of FljB have no notable effect on innate immune recognition by TLR5.
| FliC-expressing bacteria display an advantage in motility dependent invasion
Flagellar motility and swimming on host cell surfaces contributes to selection of permissive invasion sites (Misselwitz et al., 2012) . However, the stopping at particular sites of prominent topology has been shown to be independent on the Spi-1 injectisome and fimbriae. Recent studies established that actively rotating flagella and the filament contribute to efficient host cell invasion (reviewed in Rossez, Wolfson, Holmes, Gally, & Holden, 2015) . We thus speculated that distinct properties of FliC and FljB flagella contribute to efficient motility towards and on host cell surfaces. A distinct motility behaviour might result in differences in epithelial cell invasion and thus explain the reduced colonisation phenotype of the FljB-expressing bacteria.
Consistent with this hypothesis, we found that invasion of a murine epithelial cell line (MODE-K) was significantly less effective for the FljB-expressing strain compared to the FliC-expressing strain or the WT, which predominately expressed the FliC flagellin phase showed a significant reduction in adhesion (Figure 2c ). This result was expected and confirmed the role of the flagellar filament as adhesive structure. In support of the tissue culture adhesion assays, we did not observe a difference between fliC ON and fljB ON locked strains in adhesion to chitin beads ( Figure 2d ). Finally, to exclude strain-specific and genomic loci effects, we confirmed the flagellin phase-dependent invasion phenotype for the virulent Salmonella Typhimurium strain ATCC 14028s and for episomally expressed flagellins ( Figure S5 ).
We note that residual invasion of Δspi-1,2 deficient mutants was likely due to injectisome-independent cell invasion as described before (Hänisch et al., 2010) . The Spi-1 injectisome is involved in flagellin phase-dependent invasion. MODE-K murine epithelial cells were infected with various flagellin mutants lacking spi-1 at an MOI of 10 for 1 h at 37°C (a) without or (b) with centrifugation of Salmonella onto the epithelial cells. n = 6; the bars represent the mean +/− SEM. (c) Spi-1 effector protein expression and secretion was analysed by precipitation from the culture supernatant using 10% TCA. Secreted proteins were detected by Coomassie staining FIGURE 6 Flagellar motility, not the filament itself, is crucial for cell invasion. Paralysed strains (ΔmotA) were analysed. MODE-K invasion of flagellin mutants (a) without and (b) with centrifugation was performed at an MOI of 10 for 1 h at 37°C. Extracellular bacteria were killed by addition of gentamicin for 1 h. MODE-K cells were lysed and serial dilutions were plated on LB agar for CFU assessment. All values were normalised to the inoculum and to the fliC ON strain in wild-type background. A student's t test was applied to determine statistical significance (ns = not significant, *** = P < .001). The bars represent the mean AE SEM structural differences of FliC and FljB filaments might support a hypothesis where the physical properties of a rotating filament contribute to host cell invasion, for example, by mediating different surface interactions. Alternatively, the structural differences between both filaments might also result in different filament depolymerisation kinetics. To further analyse structural and dynamic properties, we incubated purified flagella at different temperatures or pH, or with the detergent SDS before separation on native gels to distinguish filamentous from monomeric flagellin. However, no differences in flagellar stability kinetics were observed and both flagellin variants depolymerised at pH 3, after addition of 100 μg/ml SDS and at a temperature of 60°C ( Figure S7 ).
We next analysed the motility behaviour of the flagellin variants As mentioned above, it has been previously established that swimming on host cell surfaces contributes to target-site selection for of phase-locked strains were analysed using TEM. Seventy flagella were measured in three individually performed experiments. Scale bar = 40 nm. All data shown represent the mean AE SEM and a student's t test was applied to determine statistical significance (*** = P < .001) invasion of epithelial cells (Misselwitz et al., 2012) . We thus hypothesised that the distinct motility behaviour of the flagellin variants during swimming near surfaces contributes to the observed target-site selection during host cell infection. In support, scanning electron microscopy analysis revealed drastic differences in surface topology between the analysed eukaryotic host cell lines (Figure 4 ).
As mentioned above, we observed differences in the runand-tumble behaviour during near-surface swimming and thus distinct interactions with the host cell surface might explain the more productive invasion of FliC-expressing bacteria compared to FljB-expressing bacteria. Therefore, we analysed near-surface swimming on epithelial cell surfaces using time-lapse microscopy as previously described (Misselwitz et al., 2012) . We observed four phases of near-surface Figure S8; and Movie S1). We conclude that the near-surface motility behaviour Note. Run and tumble motility parameters of individual FliC or FljB-expressing bacteria tracked in 2D using time-lapse fluorescence microscopy. Trajectories were recorded for 35 s with a frame rate of 40 frames/s, and trajectories lasting at least 5 s were analysed by the Track Manager Plugin. Swimming linearity (p-fliC: n = 233; p-fljB: n = 117), running phase duration (p-fliC: n = 1386; p-fljB: n = 590), relative tumbling time, tumble speed (p-fliC: n = 3958; p-fljB: n = 1848), change in direction (p-fliC: n = 1153; p-fljB: n = 473) and the diffusion coefficient were calculated. Data shown represent the mean AE SEM or 95% confidence interval for the diffusion coefficient. Mann Whitney test was used to determine statistical significance (*** = P < .001). Deflagellated mutant strains (ΔfliC ΔfljB) complemented with either fliC or fljB-encoding plasmids (p-fliC and p-fljB) were used in these studies Rivera-Chávez et al., 2016), as well as immune recognition and evasion (Finlay & McFadden, 2006; Schreiber et al., 2015) . Salmonella utilises flagellar-driven motility to facilitate near-surface swimming and thereby enabling target-site selection on host cell surfaces (Misselwitz et al., 2012) . However, the mechanism behind this near-surface swimming behaviour remained elusive.
Here, we analysed the contribution of the flagellin phase on Salmonella pathogenesis during the initial phase of the infection in the gastrointestinal lumen. Salmonella evolved a unique system to alternate expression of different flagellins. Although many bacteria express two flagellins from distinct genomic loci (Belas, 1994; Guerry, Alm, Power, Logan, & Trust, 1991; Ren, Beatson, Parkhill, & Pallen, 2005) , most Salmonella species use a unique genetic switch mechanism for alternate expression of the two flagellins, FliC or FljB (Silverman & Simon, 1980) . Although the molecular mechanism behind this switch is well understood, its biological function remains unclear. Ikeda et al. (2001) analysed the role of flagellar phase variation in enteric and systemic pathogenesis and described that a fljB ON mutant was attenuated in mice following oral or intravenous infection. FliC-expression also led to increased bacterial numbers in blood and spleens 2 days p.i. (Ikeda et al., 2001) . In agreement with these findings, it was shown that Salmonella evolved towards the production of FliC after serial passage in mice (Koskiniemi et al., 2013) . However, a conflicting study reported that constitutive expression of FliC was detrimental after infection of mice (Miao et al., 2010) .
We found that FljB-expressing bacteria were outcompeted by FliC-expressing bacteria during gastrointestinal colonisation in the murine gastroenteritis and typhoid infection models. The colonisation defect of FljB-expressing mutants was not due to a differential host immune response, because the observed colonisation phenotype in the small intestine was more pronounced at earlier infection time points. Motility in agar plate assays was not affected for strains that assembled filaments made of the different flagellin phases, which is in agreement with a previous report (Ikeda et al., 2001 ). However, we observed that FliC-expressing bacteria stopped more frequently and for significantly longer time periods during near-surface swimming, including swimming on epithelial cell surfaces. Flagellated bacteria employ a near-surface swimming behaviour, which is facilitated by physical and hydrodynamic forces on the surface, as extensively studied in Escherichia coli (Berke, Turner, Berg, & Lauga, 2008; Frymier, Ford, Berg, & Cummings, 1995; Lauga, DiLuzio, Whitesides, & Stone, 2006; Li et al., 2011; Vigeant, Ford, Wagner, & Tamm, 2002) . Salmonella Typhimurium exploits this near-surface swimming behaviour to select the site of infection and stop at prominent surface features, including the bases of rounded-up cells or membrane ruffles in a Spi-1 injectisome-and fimbriae-independent manner (Misselwitz et al., 2012) . However, the contribution of flagella and filament rotation in this process remained elusive.
We hypothesised that the rotational forces generated by filaments made of the structurally different flagellin variants might facilitate distinct interactions with the host cell surface. Our finding that FljBexpressing bacteria invade epithelial cells in tissue culture less efficiently than FliC-expressing bacteria in a Spi-1 injectisome-and motility-dependent manner supports this hypothesis. Furthermore, our results showed that flagellar phase-dependent invasion was neither attributable to the host cell species, nor to mucin structures on the host cell surface. Interestingly, we observed a correlation between distinct surface topology features, including microvilli, ruffles,
Model of flagellin phase-dependent near surface swimming. The physical properties of flagellar filaments contribute to productive invasion and target-site selection during near-surface swimming on epithelial cell surfaces. Flagellar filaments made of the flagellin FliC (in blue) result in increased dwelling time (stopping) on cell surfaces and facilitate injectisome-dependent invasion or multiple cell layers, and the described flagellin phase-dependent phenotype. Flagellin-phase specific cell surface receptors, such as sugar residues, might also be involved in this process. In summary, we show that flagellar filaments made of FliC presumably promote distinct interactions with host cell features, which alters the surface swimming behaviour of Salmonella. The more frequent and prolonged stops during swimming on the epithelial cell surface then enhance cooperative invasion of FliC-expressing bacteria (Figure 9 ).
It is noteworthy that the fljB flagellin locus was acquired evolutionarily later than the fliC flagellin locus, dividing Salmonella enterica into diphasic and monophasic subspecies (Porwollik, Wong, & McClelland, 2002) . However, monophasic serotypes exist within predominantly diphasic subspecies, such as Salmonella enterica subsp. enterica serovar Typhi or Paratyphi A. These host restricted serovars lost the fljB locus again and are primarily found in humans (Herikstad, Motarjemi, & Tauxe, 2002) . It remained unclear why these highly virulent Salmonella strains retained the fliC locus, because it was thought that two antigen- 
| Strains, media, and bacterial growth
Bacterial strains used in this study are listed in Table S1 and were derived from SL1344 or ATCC14028s. Cells were grown in lysogeny broth (LB) or tryptone broth at 37°C. Bacterial growth was measured via optical density at 600 nm in a Varioskan Flash plate reader (Thermo Scientific). Swimming motility was analysed as described before (Wozniak, Lee, & Hughes, 2009) . Swarming motility of overnight cultures was assayed on 0.6% Difco Bacto Agar (LB Miller base 25 g/l, 0.5% glucose) in closed containers with 100% humidity. For transductional crosses, the generalised transducing phage of Salmonella enterica serovar Typhimurium P22 HT105/1 int-201 was used.
| Protein secretion
Strains were grown over night in LB medium at 37°C to induce Spi-1 effector protein secretion. 1.5 ml samples of the culture supernatant were precipitated by addition of 10% TCA and centrifuged for 1 h at 4°C. The protein pellet was washed twice with acetone and air dried. Samples were loaded and fractionated under denaturised conditions on SDS-gels (200 OD units). Immunoblotting was performed using primary α-FliC (Difco, Salmonella H antiserum i), α-FljB (Difco, Salmonella H antiserum factor 2), and secondary horseradish peroxidase-conjugated α-rabbit (Invitrogen). Proteins were also stained using Coomassie Brilliant Blue staining solution.
4.4 | Single cell tracking in liquid culture: 
| Electron microscopy
Negative staining was performed using thin carbon-support films that are prepared by sublimation of a carbon thread onto a freshly cleaved mica surface. Bacteria were adsorbed onto the carbon film and negatively stained with 0.5% (w/v) aqueous uranyl acetate, pH 5.0, according to the method of Valentine, Shapiro, and Stadtman, (1968) .
Samples were examined in a TEM 910 transmission electron microscope (Carl Zeiss, Oberkochen) at an acceleration voltage of 80 kV.
Images were taken at calibrated magnifications using a line replica.
Images were recorded digitally with a Slow-Scan CCD-Camera 
| Immunostaining of flagella
Logarithmically grown cells were fixed on a poly-L-lysine coated coverslip by addition of 2% formaldehyde and 0.2% gluteraldehyde. Flagellin was stained by polyclonal primary antibodies α-FliC or α-FljB (rabbit, 1:1000 in 2% BSA/PBS) and secondary antibody α-rabbit AlexaFluor 488 (goat, 1:1000 in PBS). DNA was stained DAPI (Sigma-Aldrich).
Images were taken by fluorescence microscopy in an Axio Observer microscope with an Axio HR camera (Zeiss) using the ZEN software (Zeiss) at 1,000 × magnification. Images were analysed and contrast and brightness were adjusted using ImageJ (http://rsbweb.nih.gov/ij/).
| Flagella purification and depolymerisation assays
Flagella were purified as described before with minor changes (Erhardt, Singer, Wee, Keener, & Hughes, 2011) . Flagellar samples were pelleted at 23,000 g for 1 h by ultracentrifugation. Flagellar filaments were not depolymerised after purification. Purified flagella were treated at various conditions (temperature, SDS addition, and pH) for 10 min. All samples were separated on a NativePAGE™ 3-12% Bis-Tris gel (invitrogen), and proteins were stained by Coomassie Blue.
| Mouse infection studies
7-week-old C57BL/6 mice (Janvier) were pretreated with 100 mg/ml streptomycin or not pretreated. Mice were intragastrically infected 
| Expression and purification of recombinant bacterial flagellins
The fljB or fliC genes were amplified by PCR from Salmonella strain SL1344 and cloned into the Eco31I-digested expression vector pASK-IBA3plus (IBA biosciences) containing a C-terminal Strep-tag.
Flagellin fragments D1 to D3 or D2 to D3 were amplified by PCR from fljB and fliC genes and ligated into pASK-IBA3plus. Clones used in this study were sequence-verified. Strep-tagged flagellins were expressed heterologously in E. coli strain BL21 and affinity purified using Strep-tactin resins followed by size exclusion chromatography using 
| Invasion and adhesion assays
The murine epithelial cell lines MODE-K (Vidal, Grosjean, evillard, Gespach, & Kaiserlian, 1993 ) and Cl10; the human epithelial cell lines HT29-MTX-E12 (E12; Navabi, McGuckin, & Lindén, 2013) , T84
(ATCC CCL-248), HEp-2 (ATCC CCL-23), and HeLa (ATCC CCL-2); the porcine epithelial cell line IPEC-J2 (Brosnahan & Brown, 2012) ;
and the mouse fibroblast cell line NIH-3 T3 (CRL-1658) were used for invasion assays. The immortalisation and characterisation of the muGob (Cl10) cells will be described elsewhere (Truschel et al., in preparation) . Briefly, murine intestinal organoids were plated and infected with different lentiviruses encoding the CI-SCREEN gene library (Kuehn et al., 2016) . After transduction, the clonal cell line muGob (Cl10) was established, which has integrated the following recombinant genes of the CI-SCREEN library: Id1, Id2, Id3, Myc, Fos, E7, Core, Rex (Zfp42). The muGob (Cl10) cell line was cultivated on fibronectin/collagen-coated (InSCREENeX GmbH, Germany) well plates in a humidified atmosphere with 5% CO 2 at 37°C in a defined muGob medium (InSCREENeX GmbH, Germany). 2.5 × 10 5 cells/ml were seeded in 24-well plates and infected with Salmonella strains at an MOI of 10 for 1 h. After addition of 100 μg/ml gentamycin for 1 h, cells were lysed with 1% Triton X-100 and the burden of intracellular bacteria was determined by plating serial dilutions on LB plates. The CFU per ml were calculated and normalised to the control strain. For adhesion experiments bacteria without spi-1 were used to prevent injectisome-dependent invasion and allow for quantification of adhering bacteria. MODE-K cells were seeded and infected as described for invasion assays, but without gentamycin treatment.
Nonadherent bacteria were washed extensively with PBS. Muc2
immunostaining was performed in 6-well plates on glass coverslips after fixation with 4% formaldehyde. Cells were permeabilised with 0.5% Triton X-100, and Muc2 was stained using primary α-Muc2 antibody (1:100 in 3% BSA/PBS, Thermo Fisher) and secondary Cy3-conjugated α-rabbit antibody.
| Near-surface swimming
Swimming of Salmonella on the epithelial cell surface was performed essentially as described before (Misselwitz et al., 2012) . Briefly, 5 × 10 5 MODE-K epithelial cells/ml were seeded in 8-well μ-slides (ibidi) and grown to confluency. The epithelial cells were infected with Salmonella phase variation strains harboring mCherry expressed from pFS48 at an MOI of 10. Microscopy of the epithelial cell surface was performed using an Axiovert 135TV microscope, and immediately after infection with fluorescent bacteria, 33-s movies were recorded with a frame rate of 3 frames/s. Near-surface swimming stages (landing, nearsurface swimming, stop, and take off) were quantified manually.
